Resonant x-ray scattering study of NpRhGas and NpCoGas 
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We report a resonant x-ray scattering (RXS) study of antiferromagnetic neptunium compounds 
NpCoGas and NpRhGas at the Np M4 and Ga /f-edges. Large resonant signals of magnetic dipole 
character are observed below the Neel temperatures at both edges. The signals at the Np edges 
confirm the behaviour determined previously from neutron diffraction, i.e. the moments along [001] 
in NpCoGas and in NpRhGas a reorientation of the moments from the c-axis direction to the ab 
plane. In the latter material, on application of magnetic field of 9 Tesla along the [010] direction 
we observe a change in the population of different [110]-type domains. We observe also a magnetic 
dipole signal at the Ga if-edge, similarly to the reported UGaa case, that can be interpreted within 
a semi-localized model as an orbital polarization of the Ga 4p states induced via strong hybridization 
with the Np 5/ valence band. Quantitative analysis of the signal shows that the Ga dipole on the 
two different Ga sites follows closely the Np magnetic moment reorientation in NpRhGas. The 
ratios of the signals on the two inequivalent Ga sites are not the same for the different compounds. 

PACS numbers: 75.25.-l-z, 75.30.Kz, 78.70.Ck 



I. INTRODUCTION 

The recent discovery of unconventional superconduc- 
tivity in PuCoGas and FuRhGagii^ with relatively high 
superconducting temperatures ~ 18.5 K and 8 K, re- 
spectively, has resulted in considerable interest in the 
electronic properties of materials with 5/ electrons. Both 
experimentaiii^!^ and theoretical^i^i^ii studies indicate 
that magnetic interactions might be important for un- 
derstanding the pairing mechanism in these compounds. 
Therefore, investigation of the related U and Np-115 
compounds is of interest with respect to the general 
properties of the actinide. An, and transition metal, T, 
isostructural AnTGa,^. UTGas systems exhibit a vari- 
ety of properties, ranging from Pauli paramagnetism in 
UCoGa^^i^ii^, to antiferromagnetism in UNiGag^. On 
the other hand, NpTGas compounds all show strong 
magnetic orderingi^ii^ii^ii^ii^iiiii^. 

NpCoGa5 and NpRhGag crystallize in the tetrago- 
nal HoCoGag-type structure which belongs to the space 
group PA/mmm (no. 123), similarly to other actinide- 
based "115" compounds, including PuCoGas, see Fig.[T] 
In this structure, actinide atoms occupy the la positions, 
transition metal ions are in the 16 positions (half-way be- 
tween the actinide atoms along the c-direction) and there 
are two crystallographic positions for Ga: one atom in 
the center of the basal planes (Ic, addressed as Ga(l) 
in this paper), and 4 atoms in the 4i position, in the 
rectangular faces of the unit cell (Ga(2)) with a position 
(0 1/2 z). The Ga(l) site has 4 nearest Np neighbors, 
whereas the Ga(2) site has only two. For NpCoGas, with 
z = O.SlOSiS,, the nearest Ga neighbours of Np are at 
2.964 A (Np - Ga(2)) and 2.997 A (Np - Ga(l)). In 



NpRhGas, with z = 0.2987^^, the Np - Ga interatomic 
distances are very close for Np - Ga(l) and Np - Ga(2), 
namely 2.964 and 2.963 A, respectively. 

For a diffraction experiment the crystal symmetry has 
an important feature: taking into account the magnetic 
propagation vector q — [0 1/2], a general magnetic 
diffraction peak of the type {H,K,L ±1/2) will always 
have a contribution from Ga(l) position, but Ga(2) will 
contribute only to reflections with {H + K) = even, al- 
lowing the possibility to observe Ga(l) signal separately 
at {H + K) = odd. 




Ga(4/) 




FIG. 1: (Color online) Crystal and magnetic structure of 
NpRhGas at T < T* (panel a) and at T* < T < Tn (panel 
&)ii). The magnetic structure of NpCoGas is identical to the 
one of NpRhGas at T* < T < Tn (panel b)^. 

Resonant x-ray scattering (RXS) is a technique com- 
plementary to neutron diffraction for determining the 
magnetic structure of materials. In the case of actinides, 
the use of RXS presents an advantage over neutrons as 
significantly smaller samples can be studied, minimizing 
the safety restrictions imposed by the radiotoxicity of ac- 



2 



tinide isotopes. 

In the RXS process, a photon is virtuaUy absorbed by 
a core level electron, which is promoted into an empty 
valence band state. The virtual excited state (core hole 
+ photoelectron) then decays under emission of the scat- 
tered photon. The sensitivity of RXS to magnetism and 
orbital ordering arises from the periodic variation of the 
density of states near the Fermi level that are probed 
by the virtual photoelectron —i^i. The intensity of the 
superlattice reflections increases dramatically as the pho- 
ton energy is tuned to the atomic absorption edge of the 
resonant ion. Information can be obtained by measuring 
the polarization-dependent scattering intensity at forbid- 
den Bragg positions as a function of photon energy and 
azimuthal rotation angle (the angle describing the rota- 
tion of the crystal about the scattering vector). Direct 
information on the magnetic polarization of the Np 5/ 
states is obtained at the Np AI4 and M^-edges, as elec- 
tric dipole transitions involve the promotion of a 3d core 
electron to an empty 5/ state. Dipole transitions at the 
Ga K-edge, on the other hand, involve the promotion of 
a Is core electron of Ga to an empty 4p state. 

Resonant scattering intensities with magnetic dipole 
symmetry at the K-edge of nominally nonmagnetic ions, 
such as Ga, have been reported previously for uranium 
compounds where the U sublattice is magnetically or- 
dered^^i^^i^. The effect is related to the large spatial 
extent of 4p states within a broad energy band around 
the Fermi level making them sensitive to the electronic 
structure at neighboring sites. Although the Ap states of 
Ga are not spin-polarized, orbital polarization can be in- 
duced by hybridization with the U 5/ state o^^i^^ . To our 
knowledge, no previous reports have been made of a sim- 
ilar phenomenon in a Np compound. Since, in general, 
increased localization is anticipated when the number of 
5/ electrons increases, this is not an obvious result. 



II. EXPERIMENTAL METHODS 

Single crystals of NpRhGas and NpCoGas were grown 
by a Ga self-flux method at the Institute for Transura- 
niimr Elements, in Karlsruhe. Samples with (100) and 
(001) surfaces were cut for the experiments and encapsu- 
lated in a copper container with a Be window for x-ray 
optical access. 

Experiments were carried out on the magnetic scatter- 
ing beamline ID20 at the European Synchrotron Radia- 
tion Facility, Grenoble, France. By tuning the undula- 
tors to their flrst or third harmonic, both Np M4-edge 
{E = 3.846 keV) and Ga K-edge (E = 10.364 keV) 
were reached. A liquid nitrogen cooled Si(lll) double 
monochromator and two vertically focusing Si mirrors 
provided a beam of 0.4 x 0.4 mm^ at the sample posi- 
tion^. 

Two distinct scattering geometries and different sam- 
ple environments were used: for measuring the azimuthal 
dependence of the superlattice peaks intensity, the sam- 
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FIG. 2: (Color online) Coordinate system and polarization 
vectors relative to the incident and scattered beams. 



pie capsule was mounted in a ^He closed-cycle cryostat 
with base temperature of about 12 K. A vertical scat- 
tering geometry on a 5-circle diffractometer with inci- 
dent cr x-ray polarization was used (see Fig. [2^) . In an 
azimuthal scan the sample rotates about the scattering 
vector, which implies a change of the angle between the 
incident electric field and the crystal axes. The result- 
ing intensity oscillations give information on the symme- 
try and the orientation of the scattering tensor. In the 
vertical geometry, the instrumental setup does not sup- 
port a heavy sample environment. The high magnetic 
field study on NpRhGas was therefore performed in the 
second experimental hutch of ID20, using a horizontal 
geometry six-circle diffractometer equipped with a 10 T 
vertical split-pair superconducting magnet. In this ge- 
ometry (Fig. [2)3), the incident light polarization is tt, i.e. 
with the electric field vector lying in the scattering plane. 
Due to the restrictions imposed by the 10 T cryomag- 
net, an azimuthal scan is not possible. A polarization 
scan, giving similar information as the azimuthal one, 
can be performed using a phase-plate technique: instead 
of rotating the sample, the incident light polarization rj is 
turned from vr to cr: a diamond phase plate of thickness 
100/^m with a [110] surface and the (111) Bragg reflec- 
tion can be operated in the half-wave plate mode so that 
the incident linear polarization can be rotated into an ar- 
bitrary plane by rotating the diamond crystal about the 
incident beam directionSiSS,. 

In all the scattering geometries, polarization analysis 
of the scattered beam was performed using the (111) re- 



3 



flection from a Au crystal for data at the Np M4-edge and 
pyrolitic graphite (008) at the Ga K-edge. These crys- 
tals, acting as polarization filters, were chosen because of 
their d-spacings {d^^\j^^ = 2.3454 A, dj^^^ = 0.83860 A) 
that give Bragg diffraction close to the angle of 45° at 
the corresponding energies. 

When the phase plate technique is used in the polar- 
ization scan, full polarization analysis of the scattered 
beam is necessary in order to determine the Stokes pa- 
rameters Pi and P2 by fitting the measured intensity to 
the function 

I' = ^[S + Pi cos 77' + P^ sin 7?'] (1) 

where the angle rj' describes the rotation of the polar- 
ization analyzer around the scattered beam and S is the 
leakage, or component from the other polarized state. 
This arises due to the difference between the actual Bragg 
angle on the polarization analyzer and the ideal value 
of 45°. 

From another point of view, P{ and can be defined 

as 
and 

2(|i?;p + |i?;|2) ^> 

where E'^ and E'^ are the two components of the electric 
field vector of the scattered photons—. P2 is a measure 
of phase relation between a' and tt' signals. 

However, the polarization analysis is not complete as 
only the and P2 components can be measured in this 
way, but a distinction between a depolarization and an 
occurrence of a circularly polarized component Pg can 
be made on the basis of experimental data and simu- 
lations, because the degree of linear polarization P(^^ = 
\/ (P{)^ + {P^i)^ is closely related to the total beam polar- 
ization P' = yJiP'xY- + {P'^Y + iP^Y- A real x-ray beam 
will have P < 1 (due to the finite efficiency of the phase 
plate) but it stays constant during a phase plate scan. 

III. RESONANCE EFFECTS 

For better understanding of the magnetism in these 
compounds, searches for RXS signals were performed at 
the Np Af4^5 and Ga if-edges in both NpCoGas and 
NpRhGa5. Resonant signals were found at positions in 
the reciprocal space corresponding to the magnetic prop- 
agation vector <7 = [0 1/2], i.e. ordering wavevectors 
previously found by neutron diffractio n^'^i^^ . In both 
compounds, all resonant signals were cttt' polarized, in- 
dicating that they arise from magnetic dipole order. 

In NpCoGas, resonances were found both at Np 
and Afs-edges, with the former much stronger and with 



a maximum at 3.846 keV. Further data on the Np sub- 
lattice were recorded at this energy. Superlattice diffrac- 
tion peaks corresponding to the propagation q= [0 1/2] 
were found also at Co if-edge (7.709 keV) but the energy 
dependence of the signal suggests that it is non-resonant 
in character. 

The Np M4 resonant spectra from both NpCoGas and 
NpRhGas are shown in the top panel of Fig. [31 The 
slightly different widths of the two curves are due to the 
different mode of data collection. The spectral shape of 
the curve for the Np M-edges appears much as found in 
previous studies, a single Lorentzian signal with a full- 
width at half maximum (FWHM) of ~ 8 eV'^i showing 
the resonances are, as expected, El-F^-'^l in nature^^. 
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FIG. 3: Energy dependence of the resonant x-ray scattering 
signal in NpCoGas and NpRhGas. Upper frame: Np data 
collected at Q = (0 2.5) (for NpCoGas) and Q = (0 3.5) 
(for NpRhGas). In the case of NpCoGas, the intensity cor- 
responds to integration over Q scans, in the case of NpRhGas 
only energy scans with fixed Q were performed. Lower frame: 
Ga /sT-edge data recorded at Q = (0 6.5) for NpRhGas. All 
data were collected at base temperature (T = 11.7 K). The 
solid line in the lower panel represents the fluorescence spec- 
trum at the Ga is'-edge in NpRhGas. 

The Ga i^-edge resonance is also similar to those found 
for uranium compounds^i^^, centered close to the the 
absorption edge, but with perhaps a small "bump" on 
the high-energy side. The energy width of the reso- 
nance in the Co compound was larger than in the Rh 
one, by about 50%. This is a similar situation to that 
reported in UNiGas and UPdGas^'^, where the Zd com- 
pound (UNiGas) has a larger width at the Ga /iT-edge 
than the compound with the \d transition-metal ion 
(UPdGas). As the magnetic structures of the two UTGas 
compounds differ, the effects are more difficult to com- 
pare. However, taken together with the present data, 
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they provide rare direct evidence for the influence of the 
transition metal on the valence bands and the magnetic 
exchange coupling. 

IV. EXPERIMENTS USING THE 
RESONANCES 

The large resonant enhancement at the Ga if -edge ob- 
served in UTGa5 compounds^'^ is present also in NpTGas 
system, giving us the possibility to study, indirectly, the 
hybridization between the Np and Ga sublattices. Fur- 
thermore, the crystal structure of these compounds al- 
lows us to separate signal originating from two crystal- 
lographically inequivalent Ga positions in the lattice by 
examining different reflections with (H + K) even and 
odd, which was not done in the case of the UTGas sys- 
tems. 

A. NpCoGas 

Fig. [5] shows a comparison of the temperature depen- 
dence of Np M4 and Ga K-edge signals in NpCoGas in 
the rotated polarization channel an'. In both cases a 
specular magnetic Bragg reflection (0 L + 1/2) is shown. 
For the Ga if -edge this type of reflection includes contri- 
bution from the two crystallographically inequivalent Ga 
positions. The match in the temperature dependence of 
the two resonant signals indicates a common origin of the 
scattering process associated with the antiferromagnetic 
(AF) state. The Neel temperature Tn of 46.9(2) K de- 
duced from our measurements is in good agreement with 
the previous bulk measurements^^ and neutron diffrac- 
tion data—. The Ga if -edge data were collected with 
the primary beam attenuated by ~ 300/xm aluminium 
foil corresponding to transmission of about 15%. Such 
an attenuation was found necessary to avoid local beam 
heating of the sample at the Ga if-edge. 




Temperature (K) 

FIG. 4: Temperature dependence of the RXS signal in 
NpCoGas at Q = (0 2.5) at Np M4-edge (open symbols) 
and at Q = (0 6.5) at Ga if -edge (filled symbols). The solid 
line serves as a guide for the eye. 

The temperature dependence of the Np M4-edge sig- 
nal in NpCoGas was measured in more detail at Q = 



(0 2.5) (see Fig [5]). Figure [SJa) shows the temper- 
ature dependence of the integrated intensity. From a 
parametric fit of the scaling law for magnetization / oc 
A'P (X (-i)2^, where t = {T-Tt<s)/Tn, we deduce a value 
oi /3 — 0.39(1), which is in good agreement with the 
value of 0.37(1) obtained from neutron scatteringi^. Fig- 
ure [5]Jb) shows the variation of the FWHM, which gives 
the critical exponent j/ — 0.66(8) relating the thermal 
variation of the correlation lengths in the paramagnetic 
state. Theoretical values for (3 and f are 0.37 and 0.71 
for the 3D Hcisenberg antiferromagnet, and 0.33 and 0.63 
for a 3D Ising system^-. Although our data on v are not 
of sufficient accuracy to make a definitive statement, our 
experiments give little evidence for any special magnetic 
anisotropy (as would be the case for a 3D Ising system) 
in these materials. 

The final frame. Fig. [5fc) shows the change in the po- 
sition of the magnetic diffraction peak. The small offset 
from 2.500 below Tn arises from a systematic error in 
the determination of the lattice parameter. As verified 
by measuring the charge (0 2) reflection, this system- 
atic error stays constant with temperature, so that the 
variation of the position between Tn and 48.5 K must 
be considered real even if it is only 2 parts in 10'^. This 
shift of the peak in the paramagnetic state is not con- 
nected with the development of incommensurate fluctua- 
tions, otherwise there would be a matching peak from the 
(0 3) charge peak seen just above (0 2.5). Instead, this 
is another observation of the so-called q-shift'^''. Given 
the extremely good resolution of synchrotron x-rays, es- 
pecially at energies as low as the Np Ai-edges, this is 
relatively easy to observe with good crystals, but is not 
yet understood. 

Turning to the Ga resonance, the focus is on the di- 
rection of the apparent dipoles at the Ga sites and their 
relative magnitudes. Since in NpCoGas the Np moments 
are along the high symmetry direction of the structure, 
the c-axis, at all temperatures, it is expected that any ef- 
fective Ga dipole will be along this direction, as has been 
inferred by NMR/NQR experiments at the Ga sites^^i^. 

For the direction of the dipoles, the most informative 
measurements in RXS experiments are those tracing the 
azimuthal dependence of the intensity in both era' and 
cttt' polarization channel a^^'^^i'^^ . 

The Ga if -edge resonant signal was present only in the 
air' scattering channel suggesting a magnetic dipolc-like 
origin of the scattering, as found previously for signals 
at the Ga if-edge22i2^. Collecting azimuthal scans in or- 
der to determine the direction of the dipoles on either of 
the Ga sites turned out to be experimentally difficult due 
to multiple scattering effects interfering with the signal. 
Such effects manifest themselves as spikes of high inten- 
sity in the data for certain values of azimuth. Despite 
these experimental artefacts a consistent picture may be 
given in which a schematic representation of the data, to- 
gether with a simulated azimuthal dependence is shown 
in Fig. [HI The observed intensities are represented in the 
top frame by large (small) points for high (low) intensity 
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FIG. 6: Schematic representation of the intensity of azimuthal 
scans at reflections Q = (±10 1/ + 1/2) for NpCoGas taken 
at the Ga /C-edge. Only Ga(l) contributes at this scattering 
vector. Large symbols in the top panel correspond to high 
measured intensity; small circles correspond to low intensity. 
Lower panel: A simulated azimuthal scan for Q = (1 5.5) 
and Q — (—1 5.5) with effective Ga dipole moment parallel 
to [001]. 



FIG. 5: Details of the temperature dependence of the RXS 
signal at the Np M4-edge in NpCoGas: (a) integrated inten- 
sity, (b) full-width at half-maximum, and (c) reciprocal space 
position of the Q = (0 2.5) magnetic Bragg peak. The 
solid lines are fit to the data giving the l3 (upper panel) and v 
(middle panel) critical parameters. Tn is marked as a dashed 
vertical line. 



for the azimuthal angles shown. This pattern of intensi- 
ties was found for a series of reflections with different L 
values. The lower frame of Fig. [6] shows the intensity of 
the Q — (±1 5.5) reflections, calculated for an effective 
dipole moment along [001], as an example. In general, 
for a chosen Q = {H L) reflection and the actual scat- 
tering geometry (see Fig. [2^) the azimuthal dependence 
for a signal originating from magnetic dipoles oriented 
along the [001] direction can be analytically written as 



2 

CTTT' I ^ 



sin 6'(H0L) + (5 cos 6(^hol) sin t/j 



(4) 



where 9(^hql) is the Bragg angle for the Q = (HOL), ip is 
the azimuthal value and i5 is a parameter characterizing 
the off-specular nature of the chosen reflection, S — . 
This means that, when going to higher values of L at fixed 
H, the difference between the 0° and ±180° changes less 
dramatically on approaching the [001] direction, parallel 
to the direction of the effective Ga magnetic dipoles. 

For a fixed azimuthal angle, in this case '0 = 0, we have 
made a study of the intensities at the Ga i^-edge for a 
series of reflections, both along the specular (0 L) and 
off-specular (1 L) directions. A comparison of these in- 
tensities allows a determination of the dipole signals asso- 
ciated with the Ga(l) and Ga(2) sites to be made. Recall 



that, because of the symmetry, Ga(l) contributes to all 
reflections, and Ga(2) only to those with H + K = even. 

Table U shows the comparison between the calculated 
and observed intensities of the resonant scattering signal 
in NpCoGas at T = 12 K at the Ga K-edge. The cal- 
culated structure factors for both Ga positions are given 
(/Ga(i) and /Ga(2)) as well as the resonant geometric fac- 
tor to-ir'^- The calculated RXS intensity is corrected for 
the Lorentz factor L = (sin 6')"-'^ and for an angular fac- 
tor A that accounts for the fraction of the incident beam 
intercepted by the sample 
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s'm{6 ± a) s'm{9 — a) 
2 sin 9 cos a 



(5) 



Here, a is an "asymmetry" angle, i.e. the angle between 
the specular direction and the scattering vector—. 

Given the often greater than 10% uncertainty in the 
observed intensities, the agreement between the observed 
and calculated intensities is reasonable, although there 
does appear to be a different scale factor needed be- 
tween the specular and off-specular reflections. This is 
almost certainly due to absorption effects not properly 
accounted for, especially as the surface of the crystal was 
not polished (i.e. flat), even though the crystal quality 
was good. The best agreement, as shown in the final col- 
umn of the Table, for the (1 L ± 1/2) and (0 L ± 1 /2) 
series of scattering vectors is for a ratio between Ga(l) 
and Ga(2) dipoles of: 



m[Ga(2)] = 0.14(2) • TO[Ga(l)]. 



(6) 
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(1 5.5) 
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0.2243 


-2 





0.4847 


0.2419 


2.4(3) 


0.10(1) 


(1 6.5) 


1.050 


0.2786 


-2 





0.5728 


0.3839 


3.2(4) 


0.12(2) 


(1 7.5) 


1.004 


0.3279 


-2 





0.6610 


0.5752 


5.0(5) 


0.11(1) 


(1 8.5) 


1.013 


0.3748 


-2 





0.7491 


0.8525 


6.0(5) 


0.14(1) 


(0 5.5) 


1.179 


0.2424 


2 


-2.152 


0.4847 


0.1933 


1.3(3) 


0.14(3) 


(0 6.5) 


1.065 


0.2864 


2 


7.955 


0.5728 


0.9753 


6.2(5) 


0.15(1) 


(0 7.5) 


1.008 


0.3305 


2 


-3.732 


0.6610 


0.3161 


1.8(5) 


0.17(5) 


(0 8.5) 


1.008 


0.3745 


2 


-5.194 


0.7491 


0.3403 


2.3(3) 


0.14(2) 



TABLE I: Comparison of the calculated and observed intensities in NpCoGas. For details, see the text. The experimental 
uncertainties in parenthesis refer to the last significant digit, /o-ir' is the calculated intensity Jcaic. 



B. NpRhGas 

The magnetic structure of NpRhGas below Tn = 37 K 
is more complex than the one of NpCoGas due to the 
magnetic phase transition occurring at T* = 32 K where 
the Np magnetic moments re-orient from the c-axis di- 
rection to lie in the basal ah plane (see Fig. [1]), with 
their moments along [110] and [110] directions according 
to neutron scatteringi^. This magnetic phase transition 
is accompanied by a discontinuous change in the mag- 
netic moment amplitude suggesting a change of the 5/ 
electronic states^"'. 

In our RXS experiment we are able to test the conclu- 
sions of the neutron experiments in three different ways; 
first by examining the temperature dependencies of the 
intensities; second, by performing azimuthal scans; and 
third, by examining the polarization of the scattered pho- 
tons to determine the domain population. 

Fig. [7] shows the temperature dependence of the RXS 
signal in NpRhGas at the Np M4-edge for Q = (0 3.5). 
The RXS signal is compared with the temperature de- 
pendence of the Np moment as deduced from neutron 
scattering by multiplying the moment (squared) by the 
relevant geometric scattering factors. Two effects are 
present in this simulation. The first is the growth of 
the moment as a function of temperature. This is taken 
from Fig. 5 of Ref . [13 and includes a discontinuity at T* . 
The second is the re-orientation of the moments at T* 
that has a drastic effect on both the neutron and x-ray 
intensities. The good agreement between the neutron- 
derived and RXS intensity is the first indication that the 
envisaged model for the two magnetically ordered phases 
is correct. 

The agreement shown in Fig. [7] is probably as good as 
can be expected between the two techniques, and shows 
that the re-orientation of the Np moments at T* away 
from the [001] axis certainly occurs. Small differences 
between the neutron and RXS results around T* may 
arise from the lack of temperature stability in the RXS 
case, or, more interestingly, because the scale factor re- 
lating the moment to the RXS signal changes at T* . This 
might suggest a transition between two subtly different 
electronic states, as already suggested by Jonen tt al.^^ 
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FIG. 7: (Color online) Comparison of the temperature de- 
pendence of the RXS with neutron-derived intensities [after 
Ref. nil in NpRhGas. The RXS data (blue squares) from the 
(0 3.5) reflection taken at the Np M4-edge are shown unal- 
tered; the neutron magnetic moment is squared to be compa- 
rable with the intensities and multiplied by the geometrical 
factors involved in the RXS experiment (red triangles). 



from their neutron experiments. 

Although the moment direction in the high- 
temperature state, r* < T < Tn is clearly established as 
[001], the situation below T* is more complex as the mo- 
ments can have any direction in the basal ah plane. The 
neutron experiments are interpreted with the moments 
along [110] and [110] directions, forming two domains. 
We therefore set out to confirm this using the new 10 T 
magnet facility available at ID20. Unfortunately, use of 
the heavy sample environment, such as the 10 T cryo- 
magnet makes azimuthal scans impossible so that phase 
plate scans, described in Sec.[Tll were necessary. 

Fig. [5] shows P[, P'2 and P[^^ values measured at the 
Np Af4-edge in NpRhGas as a function of polarization 
direction, 77, of the incident light. The data were recorded 
at Q = (0 2.5) at T = 20 K (i.e. at T < T*, denoted 
as LT) and 33 K (i.e. at T* < T < Tn, denoted as 
HT) in both zero-field state and with magnetic field B — 
9 T applied along the 6-axis. Although the zero-field 
data were not measured with high statistics (the error 
bars correspond not only to the errors coming from the 
integration of the analyzer rocking curves but also from 
the fit to the Stokes function (Eq. [T])) they agree with 
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FIG. 8; (Color online) Pi, P2 and P/in in the pseudo-azimuthal dependence (a phase-plate scan) of the Np A/4-edge signal in 
NpRhGas at Q = (0 2.5) at T = 20 K (denoted as LT) and 33 K (HT) with magnetic field B = 9 T || 6-axis. In the scan, 
the incident light polarization rj is being rotated from the a state (ry = 0°) through the n state (77 = 90°) back to the a state 
{rj — 180°). All the zero-field data are recorded in the zero-field cooled (ZFC) state. The solid lines correspond to the most 
probable model for the Np magnetic moments: equal population of the [110] and [110] domains for ZFC data at T = 20 K, and 
approximately a 9:1 ratio for domain population at B = 9 T; the shaded area in the central panels are delimited by simulation 
curves for domain populations of 95:5 and 85:15, see text. The red curve corresponds to the c-axis moment model (HT phase). 



the model shown in blue soUd Une - equal population 
of domains with Np magnetic moments along [110] and 
[110] directions. Comparison of the zero-field data and 
the 9 T data in the T < T* (LT) phase (blue circles 
and green diamonds) shows the magnetic field effect: the 
domain population for the 9 T LT phase changes to 90% 
[110] domains vs. 10% [110] domains, indicating that the 
applied magnetic field of 9 T is insufficient to induce a 
single domain, although it goes a long way to establish 
such a monodomain state. The choice of [110] over [110] 
is a result of the field not being exactly along the [010] 
direction, i.e. a small misorientation of the crystal. 

The difference between the lower panels for the LT 
state shows that we are particularly sensitive to the di- 



rection and the domain population with this technique. 
The difference in the values of P/j^^ and the measured 
value P = 0.81(2) is the result of depolarization of the 
scattered photon beam, which can only occur if domains 
with different scattered beam polarizations contribute to 
the total signal. For a single domain state (e.g. the HT 
state) there is no depolarization, and the linear scattered 
component is the same as the incident component, i.e. 

= P. It is thus interesting to observe the minima 
in -P/ijj. For an equal domain state, the minima occur 
at the symmetric positions 77 = 0°, 180°, whereas as the 
domain population changes the minima in P/j^^ change 
also. The shaded simulations are for models with do- 
main populations of 95:5 and 85:15. The most probable 
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domain population appears to be 90:10 at B = 9 T. The 
HT phase (represented by red triangles in Fig. [5]) data 
can be fit to the Np magnetic moments pointing along 
the [001] direction even when magnetic field of 9 T is ap- 
plied along the 6-axis, which is consistent with the known 
phase-diagram in a magnetic field'*'' . 

The sensitivity of the polarization of the scattered par- 
ticle to the moment direction and domain population is 
also exploited in spherical neutron polarimetry (SNP)ii. 
In both cases the information may be obtained from 
a single reflection, rather than the standard technique 
of comparing intensities of a number of different reflec- 
tions^^. However, the x-ray technique may be used in a 
magnetic field, whereas the nature of the neutron interac- 
tion with a magnetic field restricts the SNP technique to 
zero applied field. Clearly, this is a considerable advan- 
tage when the domain population, as well as possibly the 
moment directions, can be changed by the application of 
a magnetic field. 

Turning now to the Ga K-edge spectra, we show in 
Fig. [5] the results for two reflections in zero applied field 
but at different temperatures, above (triangles) and be- 
low (circles) the re-orientation transition at T* . Only 
Ga(l) contributes to the signal at Q = (5 — 1/2) 
but contributions from both Ga sites are present at 
Q (4 - 1/2). In the HT state (T = 34 K) the 
Ga dipoles are assumed to point along the [001] axis and 
the agreement for both reflections with the model is ac- 
ceptable. 

The intensities at the Ga iC-edge clearly scale approx- 
imately as the moment on the Np site, which changes 
considerably below T* , mostly because of the thermal ef- 
fects as Tn '--^ 36 K, but there is also a discontinuity in the 
moment itselfii^. In the LT state there are some discrep- 
ancies with the model, but they are attributed to difficul- 
ties in measuring the intensity as a function of azimuthal 
angle over such a large azimuthal range. The domain 
population has been assumed as 50:50, corresponding to 
the ZFC state discussed in connection with Fig. [51 

The method of determining the Stokes parameters as 
used in Fig. [5] for the Np M4 resonance was used also 
for the Ga i^-edge and can confirm the re-orientation of 
the Ga dipoles as suggested by the results and modelling 
in Fig. O In the case of the Ga K-edge resonance there 
is a difficulty in making the integration of the analyzer 
crystal as strong inelastic scattering, associated with the 
Kai and Ka2 emission lines at about 1000 eV below 
resonance, can affect the measurement of the integrated 
intensities, and thus P{ and We show in Fig. [TOl the 
results for P[ in the two states for a number of different 
reflections. 

In the HT state, It^-^i = exactly for the specular re- 
flections and it is almost zero for off-specular ones due 
to the azimuth value given by the direction of magnetic 
field with respect to the sample. From this and from 
the definition of P{ (Eq. ^ it follows that P{ = -1 for 
all specular reflections and it is very close to —1 for off- 
specular ones. Although the P{ was not measured at 
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FIG. 9: (Color online) Azimuthal dependence of the Ga K- 
edge resonant signal {an' channel) at two scattering vectors 
Q = (4 - 1/2) and Q = (5 - 1/2) at T = 12 K and 34 K. 
Solid lines correspond to the model described in the text. 

all reflections shown in Fig. 10, subsequent temperature 
dependence curves on these reflections confirmed the ab- 
sence of the tttt' channel signal. 

At the moment reorientation temperature T* some of 
the intensity is transferred into the tttt' channel so that in 
the LT state the sign of P{ changes and approaches -1-1, 
as the ratio It^' / Itto-' increases with increasing scattering 
angle Oi^hol) and decreasing off-specularity 5. The agree- 
ment between the experimental and calculated P[ values 
indicate that the direction of the moments on both Ga(l) 
and Ga(2) follow that of the Np magnetic moment. Re- 
call that both Ga sites contribute to the reflections with 
{H + K) — even, but only the Ga(l) to reflections with 
(H + K) = odd. 

Similarly to the case of NpCoGas, intensities of several 
reflections must be compared in order to estimate the 
ratio between amplitudes of the Ga(l) to Ga(2) dipoles. 
Table im shows this comparison in the LT phase, i.e. when 
model with dipoles pointing along the [110] directions 
and an equal domain population is considered. The cal- 
culated structure factors for both Ga positions are given 
(/Ga(i) and /Ga(2)) ^s wcll as the resonant geometric fac- 
tor i^ir', calculated for the azimuthal angle = —86.06° 
with respect to the [010] azimuthal reference. The best 
agreement, as shown in the final column of the Table, 
gives 

m[Ga(2)] 0.43(4) • TO[Ga(l)]. (7) 

A similar analysis in the HT phase was not performed, 
because of difficulties due to the limited stability temper- 
ature range of this phase. 

Finally, we address also the question of a possible lat- 
tice distortion in NpRhGas. Onishi and Hotta*'^ ex- 
amined the role of orbital degrees of freedom in deter- 
mining the magnetic behavior of NpTGas compounds. 
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TABLE II: Comparison of the calculated and observed intensities in NpRhGas in the LT phase. For details, see the text and 
Table U] for notation. The experimental uncertainties in parenthesis refer to the last significant digit. 
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FIG. 11: Temperature dependence of the d-spacing dji q lo) 
for the Q = (1 10) reflection in NpRhGas at B = 9 T 
II 6- axis. 
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FIG. 10: Stokes parameters analysis for NpRhGas at the Ga 
K-edge. In the high-temperature phase P{ — —1 for all re- 
flections; the measured values are indicated with open points. 
In the low-temperature phase {T <T*) the calculated values 
are given by the height of the bar graphs, with the measured 
values as closed circles. The measurements are for B = T, 
so an equal domain population model is assumed. 



on the base of a j — j coupling scheme previously used 
to address the properties of UTGas and PuTGas com- 
pounds^. A theory based on the doublet-singlet crystal 
field model^ predicts a ferroquadrupolar order (FQO) 
in this compound. A homogeneous quadrupolar moment 
(Oxy) should be accompanied by an orthorhombic lattice 
distortion below T* . The only possible allowed subgroup 
consistent with this FQO is Cmmm (no. 65) correspond- 
ing to a distortion of the tetragonal a5-plane along the 
[110] and [110] axes. Concomitantly, the primitive tetrag- 
onal lattice is converted into an orthorhombic C-face cen- 
tered lattice where the orthorhombic a- and 6-axes are the 
[110] and [110] diagonals of the tetragonal unit cell, and 
the tetragonal and orthorhombic c-axes coincide. The or- 
thorhombic distortion should split reflections of the type 
[HKL) with H,K ^ 0. Since the magnetism of this 
material requires that the [001] axis is in the scattering 
plane, because reflections have indices {H K L±l/2), we 
have not performed experiments in the {H K 0) plane, so 
a definitive answer as to whether this distortion appears 
at T* cannot be given. 

Using a Ge(lll) analyzer to improve the resolution of 
the spectrometer, we have examined reflections of the 
form {H L) and in Fig. [TT] we show the change of 
the lattice d-spacing as a function of temperature for the 



(1 10) reflection. These experiments were done in the 
configuration with S = 9 T in an attempt to have a 
majority domain population, which can often lead to a 
clearer understanding of any possible lattice distortion 
associated with the magnetic ordering. The d-spacing of 
the studied reflection is principally sensitive to the c-axis 
length. There is no apparent change at Tn as expected 
for a second-order phase transition--, but a small change 
corresponding to Ac/c ~ 1.3 • 10~^ occurs at T* . Prob- 
ably this is a magnetostrictive effect when the moments 
move away from the [001] axis, but a more complete study 
with different orientation of the crystals is necessary to 
draw firm conclusions. There was no sign of any "two- 
peak structure" in the scans at low temperature. 

V. DISCUSSION AND CONCLUSIONS 

Our main objective in these studies of NpCoGas and 
NpRhGas has been to confirm the results of the neu- 
tron experiments on the same materials, and to see to 
what extent the RXS technique can bring additional in- 
formation on the hybridization between the Np 5/ and 
other electron states. From the shape of the Np reso- 
nances and their azimuthal dependencies there is no sign 
of any quadrupole contribution, as was found for exam- 
ple in Np02^ and U02^. Quadrupole ordering may, of 
course, occur at a different wave vector as compared to 
the magnetic scattering, but the shape of the resonances 
(Fig. [21) argues that the moments are strictly dipole in 
nature. Ferroquadrupolar ordering, as predicted by Kiss 
and Kuramoto^ for low temperature phase of NpRhGas, 
occurs at the position of the charge reflections, and is thus 
difficult to observe. However, via coupling to the lattice. 
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it should give rise to a lattice distortion, which we have 
not observed. 

With respect to the resonances at the Ga i^-edge, we 
have shown that the phenomenon of a strong resonance 
exists in Np as well as U compounds. As far as our ex- 
periments can determine, the effects are wholly induced 
by the polarization of the Np moments. For both the 
temperature dependence (Figs. S] and [7]), as well as the 
direction, the apparent Ga dipoles (Figs. [H [H and fTO|) 
follow that of the Np moments. 

By analyzing the polarization of the scattered photon 
beam and determining the Stokes parameters (Figs.[5]and 
nop , we show that the technique is extremely sensitive 
to the direction of the moments as well as the domain 
population. As shown in Fig. [8l this information may be 
deduced from a single reflection even when a magnetic 
field is applied. In the case of a similar technique in 
neutron scattering ^^'^2, the same information may be 
deduced, but the technique is restricted to zero applied 
field. 

We have examined, briefly, the possibility of a lattice 
distortion at T* in NpRhGas. An effect is observed but 
this is probably a magnetostrictive change in the c lattice 
parameter. No effect, at least in the c-axis, is observed 
at Tn. Our experience has been that when a lattice dis- 
tortion occurs, at least two peaks are seen with the high 
resolution available with synchrotron x-rays, and this is 
not the case. The FWHM of the lattice peak changes 
by only a small amount between the LT and HT states, 
suggesting strain effects rather than a lattice distortion. 

Finally, with respect to hybridization, we have deduced 
the ratios of the dipoles at the Ga(l) site as compared to 
those at the Ga(2) site (see Fig. [1] for the structure). In 
the case of NpCoGas the ratio of the signals Ga(l)/Ga(2) 
~7, whereas in NpRhGas it appears closer to about a 
third of this value, i.e. ^2.5. Given that the nearest 
neighbor configuration of the Ga(l) has 4 equidistant Np 
atoms in a ferromagnetic configuration, compared to two 
Np neighbors for the Ga(2) site we would already expect 
a factor of two in the relative transferred field. In the 
case of the Co compound the distances for the Ga(l) - 
Np and Ga(2) - Np are 2.96 and 3.00 A, respectively. 
These same distances are equal at 2.96 A in the Rh com- 
pound. To a first approximation we may discount these 
small differences in distance and would expect the hy- 
bridization to be similar in the Co and Rh compounds, 
whereas it is not experimentally. 

Comparisons may be made also with the hyperfine 
coupling constants as deduced in the experiments with 



NMR/NQR. The directions of the Ga dipoles can be 
obtained from this technique, as shown by Ohama et 
al^'^ . For NpCoGa5, Sakai et al^ give an isotropic hy- 
perfine coupling constant of 46 kOe//iB for Ga(l) and 
36 kOe//iB for Ga(2). However, since the hybridization 
in the RXS case involves the polarization of the Ga Ap 
orbitals, which are anisotropic, it may be more appro- 
priateiS to compare the anisotropic part of the hyper- 
fine coupling constant, and in this case the values are 
13 kOe/^B for Ga(l) and 4 kOe/Ate for Ga(2). This ra- 
tio is in rough accord with our measurements, since the 
RXS result should be divided by two to normalize for 
the number of Np nearest neighbors. No NMR/NQR 
experiments have yet been reported on NpRhGas. So 
far, no calculations have been performed of the possible 
signals at the Ga iC-edges in these 115 materials, but 
there seems sufficient information at this stage, together 
with the previous work on U 115 compounds^^, to en- 
courage such theoretical efforts. Both the shapes of the 
resonances, which are different between NpGoGas and 
NpRhGas (see discussion connected to Fig. and the 
differing ratios of the Ga(l)/Ga(2) dipole strengths sug- 
gest that the transition-metal d states play a significant 
role in the physics of these compounds and do not simply 
act as "spacers". 
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